Regulators for pancreatic amylase were examined. Rats were fed ad libitum a 20% amino acid (AA) mixture diet (Con), a 60% AA diet (HA), a branchedchain amino acid (BCAA)-rich diet (BC), or a diet supplemented with AA other than BCAA (OA) for 7 d, or fed the Con, HA, BC diets or diets supplemented with individual BCAA. Activity and mRNA levels of pancreatic amylase in the BC and HA groups were lower than those in the Con and OA groups. Leucine and isoleucine contributed to these effects of the BC diet. The mRNA levels correlated with individual pancreatic BCAA concentrations but not with plasma insulin level. In conclusion, dietary BCAA, especially leucine and isoleucine, may reduce amylase mRNA and activity in rats.
Amino acids (AA) have many physiological functions. [1] [2] [3] [4] [5] [6] [7] Recent studies have shown that some AA, especially branched-chain amino acids (BCAA), directly promote protein synthesis in pancreatic B cells [2] [3] [4] and muscles [5] [6] [7] by activation the mammalian target of rapamycin (mTOR) and also stimulate secretion of insulin by charging energy in the B cells. 8, 9) Insulin is known to up-regulate pancreatic amylase mRNA and to prevent degradation of amylase mRNA in type 1 diabetes rats. [10] [11] [12] [13] It has also been reported that amylase activity was lowered in a model rat with insulin resistance. 14) Moreover, a mouse pancreatic amylase gene, Amy-2.2, has an insulin-responsive element in the 5 0 -flanking region. 15) These previous findings show that insulin is important for pancreatic amylase gene expression.
A high carbohydrate diet is thought to induce pancreatic amylase via insulin secretion. 16, 17) However, we have previously shown that amylase activity does not always reflect carbohydrate content in the diet. 18) In our preliminary study, furthermore, ingestion of BCAA lowered pancreatic amylase activity (unpublished data) although BCAA is a stimulator of insulin secretion. Moreover, it has also been reported that exogenous insulin does not influence pancreatic amylase activity in normal rats. 19, 20) These results suggest that some AA other than carbohydrate and insulin are also involved in the regulation of amylase activity in the normal rat pancreas. It is not clear, however, which AA regulates pancreatic amylase or whether insulin is involved in this regulation.
In the present study, we investigated the effect of BCAA on enzymatic activity and mRNA levels of pancreatic amylase in rats.
Materials and Methods
Animals, diets, and experimental procedure. This study was approved by the Hokkaido University Animal Committee, and the animals were maintained in accordance with the guidelines for the care and use of laboratory animals of Hokkaido University.
Male Wistar/ST rats (5-w-old, Japan SLC Inc., Hamamatsu, Japan) weighing approximately 100 g, were kept under a 12-h light-dark cycle and fed a semipurified casein-based basal diet during an acclimation period. The composition of the basal diet 21) and AA mixture simulated casein 22) were described previously. Test diets in this study are shown in Table 1 . All AA were kindly donated by Ajinomoto Co. (Tokyo, Japan).
Two experiments were carried out in this study. In experiment 1 (exp. 1), we investigated the contribution of BCAA in a high AA diet to inhibition of amylase activity and mRNA levels in relation to insulin action. Under a 20:00-8:00 dark-period cycle condition (as in experiment 2 (exp. 2) also), 36 acclimated rats were divided into 4 groups of 9 rats and fed a 20% AA diet (control diet, Con), a Con diet supplemented with BCAA (BC), a Con diet supplemented with AA other than BCAA (OA), or a 60% AA diet (HA) for 7 d ad y To whom correspondence should be addressed. Tel: +81-11-706-3352; Fax: +81-11-706-2504/+81-11-716-0879; E-mail: hara@chem.agr.
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Experiment 2 was carried out to examine the contribution of individual BCAA to changes to amylase mRNA levels. 36 acclimated rats were divided into 6 groups of 6 rats each and given test diets that were Con, HA, BC, or Con diets supplemented with leucine (Leu), isoleucine (Ile), or valine (Val) respectively, for 7 d. The individual BCAA added to the BC, Leu, Ile, or Val diet were up to those in the HA diet (Table 1) . On day 7, the rats were killed in the 9:00-12:00.
In all test diets, sucrose contents were reduced by way of supplementation of AA (Table 1) .
Sample collection. On day 7, one or two pieces of the pancreas were excised under pentobarbital-anesthesia. One segment (approximate 80 mg) was homogenized in 1 ml ISOGEN (Nippon Gene Co., Tokyo, Japan) with a Polytron homogenizer (KINEMATICA, Amlehnhalde, Switzerland) to extract total RNA in exp. 1 and 2. Another segment (approximate 80 mg) was homogenized in 1 Â lysis buffer for immunoblot analysis (exp. 1), as previously reported. 23) Blood was collected with an aprotinin-heparin treated syringe from the abdominal aorta (exp. 1) to assess plasma insulin levels. The rest of the pancreas was removed after killing by ensanguination from the abdominal aorta and was freeze-dried.
Sample preparation and analysis. The dried pancreas was homogenized in a buffer solution for measurement of protein content and the activity of amylase in both experiments and of chymotrypsin in exp. 1 according to the methods described previously, 21) or was homogenized in 60% acetonitrile for measurement of free AA levels in the pancreas. Free AA levels were measured by derivation of free AA into phenyl thiocarbamoyl AA by phenyl isothiocyanate and were analyzed by HPLC using the Wakopak 5C18 column with absorbance at 254 nm. 24) Total RNA for mRNA analysis was obtained from pancreatic homogenate with ISOGEN according to the user's manual. Amylase and glycelaldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels were quantified by Northern blot analysis using digoxigeninlabeled cDNA probes; the sets of sense and antisense primers for the synthesis of cDNA from the mRNA of amylase and GAPDH have been reported previously. 25) The homogenate in the lysis buffer was immunoprecipitated with anti-insulin receptor -subunit (IR) antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, California, USA) or anti-insulin receptor substrate 1 (IRS-1) antibody (Santa Cruz Biotechnology, Inc.) for analysis of the phosphotyrosine (pY) levels of IR and IRS1. The immunoprecipitant was collected with BioMag goat anti-mouse IgG (Qiagen, Tokyo, Japan), resolved in a sample buffer (final concentration: 50 mmol/l Tris-HCl, 200 g/l SDS, 60 ml/l 2-mercaptoethanol, 100 ml/l glycerol, pH 7.2), subjected to immunoblot analysis, and visualized with Enhanced Chemiluminescence reagent (Amersham Bioscience, Little Chalfont, England).
Plasma was obtained from blood by centrifuge at 1;500 Â g for 20 min. Plasma insulin levels were measured with radioimmunoassay (Amersham Bioscience) in duplicate according to the instructor's manual, and we confirmed the values to be accurate by repeat measurement.
Calculations. Enzymatic activity was expressed in units per mg of protein.
21) The abundances of amylase mRNA were standardized by GAPDH mRNA. The intensities of pY levels in IR and IRS-1 were normalized with those of IR and IRS-1 respectively. The value of mRNA level and those of pY levels of IR and IRS-1 were presented as relative values compared with those of the Con group as 1. All data were expressed as mean AE SEM. Data were analyzed by oneway ANOVA (StatView version 5.0 Software, SAS Institute Inc., Cary, North Carolina, USA) and Duncan's multiple range test. We considered P < 0:05 to be statistically significant.
Results
Body weight gain and food intake were not different between the groups in exp. 1 and 2. In exp. 1, pancreatic weight was higher in the BC, OA, and HA groups than the Con group. In exp. 2, pancreatic weight in the BC and HA groups but not in the Leu and Ile groups was higher and that in the Val group tended to be higher than that in the Con group (Table 2 ). In exp. 1, the activity and mRNA levels of amylase were lower in the BC and HA groups than in the Con and OA groups, and amylase activity in the OA group was higher than that in the Con group (Fig. 1A, B) . Chymotrypsin activity was higher in the BC, OA, and HA groups than in the Con group (Fig. 1C) . Phosphorylation levels of tyrosine residue in IR and IRS-1 were lower in the OA and HA groups and tended to be lower in the BC group compared with those in the Con group (Fig. 2B, C) . Plasma insulin levels did not differ among the groups, but correlated with the pY level of IR (r ¼ 0:411, P < 0:05) (Fig. 2A) . Free AA concentrations in the pancreas in exp. 1 are shown in Table 3 . All BCAA levels in the BC and HA groups were higher than those in the Con and OA groups. All BCAA levels correlated negatively with amylase mRNA levels (leucine, r ¼ À0:367, P < 0:05; isoleucine, r ¼ À0:347, P < 0:05; valine, r ¼ À0:463, P < 0:01). Plasma AA levels were also measured in exp. 1, and the differences in BCAA levels among the groups were very similar to those in the pancreas (data not shown).
In exp. 2, amylase activity was lower in the Leu and HA groups and tended to be lower in the Ile, Val, and BC groups than that in the Con group (Fig. 3A) . Amylase mRNA levels were lower in the Leu, Ile, and HA groups and tended to be lower in the Val and BC groups than in the Con group (Fig. 3B) .
Discussion
In the present study, we demonstrated that dietary BCAA reduced pancreatic amylase activity associated with a reduction in amylase mRNA levels (Fig. 1A, B) . In particular, dietary leucine and isoleucine may be responsible for amylase mRNA levels (Fig. 3) . It has been reported that pancreatic amylase is regulated by several factors, such as insulin, [10] [11] [12] [13] [14] [15] glucocorticoid, 26, 27) and cholecystokinin (CCK). 25) Reduction of amylase by a low carbohydrate diet or a high protein diet has been explained by lowered insulin secretion with a reduction in dietary carbohydrate ingestion. 16, 17) In this study, however, the amylase mRNA level in the BC group was as low as that in the HA group (Fig. 1A, B) . The carbohydrate level in the BC diet was similar to that in the Con group, and was about 2-fold higher than that in the HA diet (Table 1) . Furthermore, BCAA levels in the pancreas correlated negatively with amylase mRNA in exp. 1 (Fig. 1B and Table 3 ). These results indicate that pancreatic amylase activity and mRNA levels were 1 Rats were fed a 20% AA diet (Con), a Con diet supplemented with BCAA (BC), a Con diet supplemented with AA other than BCAA (OA), or a 60% AA diet (HA) for 7 d ad libitum in exp. 1 (n ¼ 9). 2 Rats were fed a Con, BC, OA, or HA diet, or Con diets supplemented with leucine (Leu), isoleucine (Ile), or valine (Val) for 7 d (n ¼ 6). 3 Values are mean AE SEM. Values not sharing a common superscript are significantly different (P < 0:05). 4 P-values are analyzed by one-way ANOVA. influenced by dietary BCAA levels rather than by dietary carbohydrate levels. In many cases, a low carbohydrate diet is a high protein or a BCAA-rich diet. [16] [17] [18] [19] [20] [21] [22] [23] 28, 29) The present findings do not conflict with previous results. BCAA may contribute to the reduction of amylase by a high protein diet. On the other hand, Amylase activity in the OA group was higher than that in the Con group and the mRNA levels showed a similar tendency (Fig. 1A, B) . The mechanism is not clear. Pancreatic BCAA levels in the OA group also tended to be higher than those in the Con group, which was possibly involved in the mechanism. But BCAA levels in the BC group also tended to be higher than those in the HA group without any difference of amylase activity or mRNA level. To clarify this issue, further studies should be done.
In this study, amylase activity and mRNA levels in the OA group were not lower than those in the Con group, whereas insulin signaling was impaired in the OA group. Similarly, pY levels of IR and IRS-1 did not correlate with amylase mRNA levels (pY level of IR: r ¼ 0:014, P > 0:01; pY level of IRS-1: r ¼ 0:131, P > 0:10). Possibly, the pancreatic amylase mRNA level is not regulated by insulin action. In the early period of feeding, however, the plasma insulin level possibly increases in the OA group or decreases in the BC and HA groups, and this might be responsible for the regulation of amylase mRNA levels. Although we also examined changes in insulin levels in the early stages of feeding, the relation of insulin levels in the early feeding period to pancreatic amylase activity cannot be determined due to large variation in insulin levels (data not shown). Because exogenous insulin [10] [11] [12] and endogenous insulin from transplanted B cells 13) restored amylase mRNA levels to a great extent in diabetic rats, insulin is probably important for the maintenance of amylase activity. But it has also been reported that exogenous insulin does not stimulate pancreatic amylase induction in normal rats. 19, 20) These controversial results might be explained by the fact that basal insulin secretion, diminished in diabetic rat, is necessary and sufficient to express the amylase gene in normal rats. These previous findings and our results in exp. 1 suggest that pancreatic amylase gene expression depends on dietary BCAA but not on dietary carbohydrate nor, possibly, on plasma insulin levels in normal animals.
Impairment of the insulin signaling pathway has been discovered in some cases. [30] [31] [32] [33] In some of these cases, this may be due to a lowering of insulin secretion, and others of these cases were reported as inhibition of pY levels of IR under hyperglycemia and long-term stimulation of tumor necrosis factor , 30) or inhibition of pY levels of IRS-1 by phosphorylation of serine residue of IRS-1 under excess activation of mTOR. [31] [32] [33] In exp. 1, there was no difference in insulin levels between the groups, and in the BC, OA, and HA groups, pY levels of IR and IRS-1 were lower or tended to be lower than those in the Con group (Fig. 2) . The ratios of sucrose content in the BC, OA, and HA diets to that in the Con diet were 0.89, 0.57, and 0.42 respectively, while the ratios of the insulin level in the BC, OA, and HA groups to that in the Con group were 0.92, 0.61 and 0.52 respectively. Plasma insulin levels may be dependent on sucrose content in the respective diets. As for pY levels of IR, they correlated with insulin levels and may be responsible for insulin level (r ¼ 0:411, P < 0:05). The pY level of IRS-1, however, did not correlate with the insulin level or the pY level of IR. There is an mTOR activation pathway via IRS-1, 4, [31] [32] [33] leading to protein synthesis. In some reports, long-term stimulation of mTOR leads to inhibition of IRS-1 activity and degraded IRS-1, [31] [32] [33] which perhaps means negative feedback regulation of excess stimulation of the mTOR pathway via IRS-1. BCAA, of which much was included in the BC and HA diets, may also stimulate mTOR and perhaps inhibited IRS-1 activation in the BC and HA groups. But in the OA group, which ingested less BCAA than the HA group, the pY level of IRS-1 was similar to that in the HA group. Ingestion of BCAA at the levels in the BC and HA diets may not weaken the pY of IRS-1. Even though BCAA in the BC and HA diets suppressed the pY levels of IRS-1, it may be independent of amylase gene expression.
Some hormones regulate amylase gene expression, [10] [11] [12] [13] [14] [15] [25] [26] [27] and our previous study showed that hyperCCKemia suppressed pancreatic amylase. 25) But other studies have shown that the adaptation of pancreatic enzymes to a high AA diet did not depend on CCK, 21, 22) and in the case of this study, CCK was perhaps not involved in the suppression of amylase by BCAA.
BCAA has some physiological functions. [2] [3] [4] [5] [6] [7] [8] [9] Leucine promotes protein synthesis via activation of mTOR in some tissues. [2] [3] [4] [5] [6] [7] As shown in Fig. 1C , the BC diet induced pancreatic protease to a certain extent. Our previous study suggested that mTOR activation as estimated by 4E-BP1 phosphorylation is involved in pancreatic protease induction. 23) BCAA is not catalyzed in the liver, 34) so most of the BCAA in the blood stream might pass through the liver and be supplied to other organs, including the pancreas, in which BCAA levels in the plasma may reflect protein levels in diets more directly than the other AA and possibly acts as a signal of ingestion of high amounts of protein. Perhaps dietary BCAA regulates both suppression of pancreatic amylase mRNA levels and induction of pancreatic protease at the translation stage via the mTOR pathway.
In conclusion, dietary BCAA, especially leucine and isoleucine, down-regulate amylase mRNA levels in the rat pancreas. The relation of insulin levels to pancreatic amylase activity, however, remains unclear.
